Introduction {#Sec1}
============

Conventional photodynamic therapy (PDT) and more recently daylight-mediated PDT with methyl aminolevulinate (MAL) cream (Metvix^®^; Galderma, Switzerland) are efficacious for the treatment of actinic keratosis (AK) \[[@CR1], [@CR2]\]. Pre-treatment of the skin to remove scales and crusts prior to PDT is recommended by European PDT guidelines \[[@CR3]\]. Indeed, pre-treatment of skin overcomes the barrier function of the stratum corneum (SC), which prevents the delivery of MAL across the skin. Consequently, pre-treatment enhances the uptake of topically applied MAL, thus improving treatment efficacy \[[@CR4], [@CR5]\].

Curettage is the recommended pre-treatment procedure due to its efficacy and ease of use \[[@CR6]--[@CR9]\]. However, numerous alternative procedures for the preparation of skin prior to PDT, to overcome SC barrier properties, are emerging. These include pre-treatment using salicylic acid or urea as a chemical keratolytic procedure, microneedling, ablative and non-ablative fractional lasers, and abrasion with skin preparation pads as a mechanical procedure for skin preparation \[[@CR10]--[@CR13]\]. However, thus far, only a very few studies have assessed the effectiveness of skin preparation pads in enhancing the uptake of MAL for the treatment of AK \[[@CR14]\].

Tape stripping is a common mechanical method used for the disruption of skin \[[@CR15], [@CR16]\]. First described by Fritsch et al. \[[@CR17]\], tape stripping involves the disruption of the superficial layers of the SC by placing and pressing adhesive tape onto the skin surface followed by removal of the tape. Repeated tape stripping has been used as an effective comparative model for impaired skin barrier function to improve the penetration of xenobiotics. Indeed, impairment of SC barrier properties is associated with an increase in the penetration of topically applied drugs, such as penciclovir and aciclovir. Disruption of the SC by tape stripping increased penciclovir and aciclovir absorption by 1300-fold and 440-fold, respectively. These findings confirm the role of the SC as the major barrier to hydrophilic drug absorption \[[@CR18]\].

SC barrier impairment is quantified by measuring transepidermal water loss (TEWL) expressed in grams per square meter per hour (g/m^2^/h). TEWL is a well-established parameter for the determination of skin integrity and skin barrier function in humans \[[@CR19]\], and tape stripping leads to increased TEWL \[[@CR20]\]. Data have shown a close correlation between penciclovir concentration absorbed per hour and barrier disruption, measured by TEWL following sequential barrier disruption with tape stripping \[[@CR18]\]. Moreover, numerous studies have suggested that high TEWL is associated with various skin diseases including atopic dermatitis, psoriasis, contact dermatitis, and ichthyosis \[[@CR21]--[@CR23]\].

The objective of this study was to compare the effect of two different skin preparation pads, used for the preparation of skin prior to PDT to enhance the uptake of MAL during AK treatment, on skin integrity using ex vivo human skin. TEWL was used to compare skin barrier function in intact skin and in compromised skin after several passages of skin preparation pad, or after repeated tape stripping (used as reference).

Methods {#Sec2}
=======

Skin Sample Preparation {#Sec3}
-----------------------

Human skin samples were obtained in agreement with ethical and legal regulations for the use of biological material of human origin applicable in France and were approved by an internal ethics committee. Samples were derived from three different female donors (abdominal aesthetic surgeries). Thawed skin samples were cut into 3-cm^2^ square sections. Disruption of the skin barrier was performed using a 19-mm-wide adhesive tape Scotch^®^ transparent tape 550 (3M, France), or two different types of skin preparation pads: PREPSTER™ (USA) (PR) and Ambu Unilect™ 2121 M (Ambu^®^; Denmark) (A-UN).

The study included 7 treatment conditions:Condition 1: 10 tape strippings (reference method)Condition 2: 6 passages of PRCondition 3: 8 passages of PRCondition 4: 10 passages of PRCondition 5: 6 passages of A-UNCondition 6: 8 passages of A-UNCondition 7: 10 passages of A-UN

Each treatment condition was performed in triplicate for each of the three donors (*n* = 9 replicates per condition).

Removal of Epidermis {#Sec4}
--------------------

TEWL was measured on intact skin samples (*n* = 3, one donor) and after complete mechanical removal of the epidermis to achieve the maximal TEWL value.

Measurements of TEWL {#Sec5}
--------------------

TEWL was measured on skin mounted to flow-through glass diffusion cells (LGA type) with an application surface area of 1 cm^2^ and a receptor compartment containing 3 mL of Dulbecco's phosphate-buffered saline. The receptor fluid was continuously stirred at 350 rpm with a magnetic stirrer. The test system was thermostated with a water-circulating bath at 37 °C. TEWL measurements were performed on the skin after a minimum of a 1-h stabilization period using a Tewameter^®^ TM 300 (Courage + Khazaka Electronic, Germany) measuring device. The TEWL results obtained are expressed in g/m^2^/h. TEWL measurements were performed on an intact skin sample and compared to the same skin sample after mechanical damage.

Histological Analysis {#Sec6}
---------------------

Skin biopsy was performed on a 54-year-old female donor for histological examination to verify barrier impairment. Biopsy samples were obtained from:Intact skin (control)Condition 1: 10 tape strippings (reference method)Condition 4: 10 passages of PRCondition 7: 10 passages of A-UN

After mechanical damage, biopsy samples were embedded in Cryomatrix™ embedding resin (Thermo Scientific, USA). Cross-sections (6 μm) were cut using a cryomicrotome (Cryotome FSE, Thermo Electron, USA). Skin sections were mounted on glass microscope slides (SuperFrost^®^ Plus; Thermo Scientific, USA) and stained using hematoxylin and eosin. Skin sections were observed using a Nikon Eclipse 80i microscope equipped with a DS-Ri1 high-resolution camera (Nikon Instruments, USA).

Statistical Analysis {#Sec7}
--------------------

Two-way analysis of variance (ANOVA) was performed using the Excel Data Analysis ToolPak (Microsoft, USA) to compare tape strippings and skin preparation pads. Significance was declared at the 0.05 level.

Compliance with Ethics Guidelines {#Sec8}
---------------------------------

This article does not contain any new studies with human or animal subjects performed by any of the authors.

Results {#Sec9}
=======

Skin Characteristics {#Sec10}
--------------------

Full-thickness abdominal skin samples, from three donors (females) aged 44--54 years, were used in this study for TEWL measurements. Skin thickness ranged between 1.2 and 2.3 mm.

Number of Skin Preparation Pad Passages Approximating the TEWL Recorded With 10 Tape Strippings {#Sec11}
-----------------------------------------------------------------------------------------------

TEWL measurements following 10 tape strippings demonstrated a 2.2-fold increase in water efflux from the compromised skin compared to unstripped skin (9.06 ± 0.78 vs. 4.20 ± 0.36 g/m^2^/h, respectively) (Fig. [1](#Fig1){ref-type="fig"}). The difference between stripped and control unstripped skin was statistically significant (*p* \< 0.05).Fig. 1Effect of 10 tape strippings on TEWL in ex vivo human skin. Data represent the mean and SEM (*n* = 9). Each condition was performed in triplicate on three different donors. \*\*\*\**p* \< 0.0001 versus control

TEWL measurements demonstrated an increase in water efflux after 6 passages of A-UN compared to control untreated skin (2.05-fold; 7.57 ± 0.76 vs. 3.69 ± 0.27 g/m^2^/h, respectively), 8 passages (2.18-fold; 7.67 ± 0.94 vs. 3.52 ± 0.27 g/m^2^/h, respectively), and 10 passages (2.39-fold; 9.75 ± 1.23 vs. 4.07 ± 0.38 g/m^2^/h, respectively) (Fig. [2](#Fig2){ref-type="fig"}a). These data indicate that TEWL increased slightly with the increasing number of passages of A-UN skin preparation pad.Fig. 2Effect of the number of passages of Ambu Unilect™ (*A-UN*) skin preparation pad on TEWL in ex vivo human skin. **a** TEWL was measured on intact skin (control) and after treatment of the same sample with A-UN. \*\*\*\**p* \< 0.0001 versus control. **b** Comparison between the number of passages of A-UN and 10 tape strippings. \*\*\**p* \< 0.001 versus 10 tape strippings; \*\*\*\**p* \< 0.0001 versus 10 tape strippings; ^\$\$\$^ *p* \< 0.001 versus 10 passages of A-UN. Data represent the mean and SEM (*n* = 9). Each condition was performed in triplicate on three different donors

Comparison analysis (Fig. [2](#Fig2){ref-type="fig"}b) showed that the difference between treated skin with A-UN skin preparation pad and untreated control skin was statistically significant (*p* \< 0.05), regardless of the number of passages. On the other hand, TEWL was significantly lower (*p* \< 0.05) following 6 or 8 passages of A-UN than following 10 tape strippings or 10 passages of A-UN. However, TEWL was not statistically different (*p* \> 0.05) following 10 passages of A-UN or 10 tape strippings.

TEWL measurements following treatment with PR skin preparation pad demonstrated an increase in water efflux after 6 passages of PR compared to control untreated skin (2.14-fold; 8.98 ± 0.63 vs. 4.20 ± 0.18 g/m^2^/h, respectively), 8 passages (2.70-fold; 11.34 ± 1.23 vs. 4.19 ± 0.20 g/m^2^/h, respectively), and 10 passages (3.35-fold; 12.55 ± 1.29 vs. 3.75 ± 0.24 g/m^2^/h, respectively) (Fig. [3](#Fig3){ref-type="fig"}a). These data indicate that TEWL increased with the increasing number of passages of PR skin preparation pad.Fig. 3Effect of the number of passages of PREPSTER™ (*PR*) skin preparation pad on TEWL in ex vivo human skin. **a** TEWL was measured on intact skin (control) and after treatment of the same sample with PR. \*\*\*\**p* \< 0.0001 versus control. **b** Comparison between the number of passages of PR and 10 tape strippings. \*\*\*\**p* \< 0.0001 versus 10 tape strippings; ^\$\$\$\$^ *p* \< 0.0001 versus 10 passages of PR; ^\$^ *p* \< 0.01 versus 10 passages of PR. Data represent the mean and SEM (*n* = 9). Each condition was performed in triplicate on three different donors

Comparison analysis (Fig. [3](#Fig3){ref-type="fig"}b) showed that the difference between treated skin with PR skin preparation pad and untreated control skin was statistically significant (*p* \< 0.05), regardless of the number of passages. On the other hand, TEWL was significantly higher (*p* \< 0.05) following 8 or 10 passages of PR than following 10 tape strippings or 6 passages of PR. In addition, TEWL was significantly higher (*p* \< 0.05) after 10 passages of PR than after 8 passages. However, TEWL was not statistically different (*p* \> 0.05) following 6 passages of PR or 10 tape strippings.

Comparison of both skin preparation pads showed that PR consistently induced significantly higher TEWL than A-UN (*p* \< 0.05), regardless of the number of passages.

Effect of Complete Removal of Epidermis on TEWL {#Sec12}
-----------------------------------------------

In order to demonstrate the magnitude of change that could be detected using this study model, the entire epidermis was mechanically removed. Complete removal of the epidermis increased TEWL compared to control (6.56-fold; 24.49 ± 0.29 vs. 3.73 ± 0.18 g/m^2^/h, respectively). Comparison analysis (Fig. [4](#Fig4){ref-type="fig"}) showed that the increase in TEWL following 10 tape strippings or 10 passages of either skin preparation pad was 2-fold to 3-fold lower than following complete removal of the epidermis and was statistically significant (*p* \< 0.05).Fig. 4Comparison of the effect of tape stripping, skin preparation pads \[Ambu Unilect™ (*A-UN*) and PREPSTER™ (*PR*)\], and complete removal of epidermis on TEWL in ex vivo human skin. Data represent the mean and SEM (*n* = 9). Each condition was performed in triplicate on three different donors, except for the complete removal of epidermis performed in triplicate on one donor (*n* = 3). \*\*\*\**p* \< 0.0001 versus 10 tape strippings; ^\$\$\$\$^ *p* \< 0.0001 versus complete removal of epidermis

Histological Analysis {#Sec13}
---------------------

Histological analysis showed that the SC was only partially removed compared to control intact skin (Fig. [5](#Fig5){ref-type="fig"}a) following 10 tape strippings (Fig. [5](#Fig5){ref-type="fig"}b) or 10 passages of either A-UN (Fig. [5](#Fig5){ref-type="fig"}c) or PR (Fig. [5](#Fig5){ref-type="fig"}d), and that the epidermis was not damaged. Moreover, the complete removal of the epidermis was confirmed by skin section (Fig. [5](#Fig5){ref-type="fig"}e).Fig. 5Histological analysis of the effect of: **a** control, **b** tape stripping, **c** Ambu Unilect™ skin preparation pad, **d** PREPSTER™ skin preparation pad, and **e** complete removal of the epidermis in ex vivo skin

Discussion {#Sec14}
==========

TEWL is one of the most commonly used parameters for the evaluation of skin barrier function. Numerous studies on TEWL have compared healthy and diseased skin, with a maximum of 10 or 20 tape strippings performed to mimic disrupted skin. In the current study, 10 tape strippings were used as a reference method to disrupt barrier function of the SC. The results of the study showed a 2.4- and 3.3-fold increase in TEWL in ex vivo human skin following 10 passages of A-UN or PR skin preparation pads, respectively, indicating impairment of SC barrier properties. Moreover, TEWL increased with the increasing number of skin preparation pad passages. The increase in TEWL, reflecting impaired SC barrier function, depended on the skin preparation pad used. Ten passages of A-UN resulted in a similar increase in TEWL to 6 passages of PR, indicating that PR is more abrasive than A-UN.

Moreover, a 6.6-fold increase in TEWL was observed following the complete removal of the epidermis, indicating that samples with damaged membranes are unable to prevent water movement through the skin. The increase in TEWL following 10 tape strippings or 10 passages of a skin preparation pad was 2-fold to 3-fold lower than that following complete removal of the epidermis. These findings confirm that tape stripping and skin abrasion using skin preparation pads impair the barrier function of skin samples only slightly.

The results of this study are consistent with published data showing that disruption of ex vivo porcine skin by either abrasion with an aluminum-coated sponge or tape stripping leads to an increase in TEWL. A 3-fold increase in TEWL was observed following 10 passages of the aluminum-coated sponge, resulting in increased total drug uptake of caffeine (7-fold), sorbic acid (4-fold) and testosterone (2-fold) \[[@CR24]\]. Similarly, a 6-fold increase in TEWL was observed in ex vivo porcine skin after 10 tape strippings, leading to an increase in the total accumulated amount of betamethasone-17-valerate (4-fold) and fusidic acid (11-fold), respectively \[[@CR25]\]. Moreover, other recent studies using ex vivo human skin have shown that MAL total penetration was increased by up to 103-fold after 10 passages of A-UN skin preparation-pad \[[@CR26]\]. Therefore, a good correlation can be observed between increased TEWL reflecting impairment of skin barrier properties and increased uptake of MAL in ex vivo human skin.

In addition, numerous studies have suggested that high TEWL is associated with various skin diseases, including atopic dermatitis (abdominal site) (2.8-fold increase), psoriasis of the arm or shins (2.4-fold increase), and diaper dermatitis in infants (2.2-fold increase) \[[@CR21]--[@CR23]\]. The TEWL observed in the current study following 10 passages of skin preparation pads is approximately equivalent to that observed in the clinical setting. This indicates that, in addition to their use for the pre-treatment of skin prior to PDT, the two skin preparation pads investigated in this study may also be used as a new model to mimic diseased skin. Such models have previously been investigated using porcine skin \[[@CR27]\]. This new model offers the possibility to adapt the number of passages of a skin preparation pad according to the therapeutic needs and the desired effect, targeting a pre-defined increase in TEWL.

Taken together, the findings presented in this article indicate that both PR and A-UN skin preparation pads may be successfully used for the pre-treatment of skin prior to PDT in order to enhance the uptake of MAL and improve treatment efficacy.

The major limitation of this study is that the skin samples were frozen and thawed. TEWL of normal fresh skin may be altered by freezing. Due to the difficulty in obtaining fresh skin samples at the precise time of experimentation, frozen human skin samples are typically used in permeability studies. The effect of the sample storage conditions on skin permeability remains controversial. Although, the effect of freezing on the metabolic activity of the skin is clear, the effect on the physical barrier properties of the skin is not well studied. In the current study, TEWL was measured on the same skin sample prior to and after impairment of the SC barrier function. It is conceivable that the magnitude of fold increase in TEWL may be different when using fresh skin, and may better reflect the in vivo condition.

Conclusions {#Sec15}
===========

Pre-treatment of skin using PREPSTER™ and Ambu Unilect™ skin preparation pads markedly increases TEWL, indicating slight impairment of the SC barrier function. Comparison of both skin preparation pads showed that the PREPSTER™ pad consistently induced significantly higher TEWL than the Ambu Unilect™ pad (*p* \< 0.05), regardless of the number of passages. Both skin preparation pads are thought to increase the uptake of MAL and can therefore be used for the preparation of skin prior to PDT.
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